Purpose: The aim of this study is to examine the reproducibility of anti-1-amino-3- 
Introduction
R adiolabeled amino acid imaging targets the upregulation of amino acid transport and utilization in neoplastic cells [1] . Anti-1-amino-3-[
18 F]fluorocyclobutane-1-carboxylic acid (anti-3-[
18 F]FACBC) is an investigational synthetic amino acid analog which has been studied in the diagnosis of prostate and other cancers [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . Anti-3-[ 18 F]FACBC has been studied most extensively in the restaging of recurrent prostate cancer where it has demonstrated enhanced lesion detection compared with other imaging modalities such as indium-111 capromabpendetide single-photon emission computerized tomography/computerized tomography (SPECT-CT) (ProstaScint; Jazz Pharmaceuticals, Dublin, Ireland) and 11 C-choline positron emission tomography-X-ray/computed tomography (PET-CT) [4, 6, [10] [11] [12] .
The PET radiopharmaceutical 2-deoxy-2-[ 18 F]fluoro-Dglucose ([ 18 F]FDG), a glucose analog, is used extensively in oncologic imaging as well as functional imaging in the brain and heart [13, 14] . Several studies have explored the repeatability and reproducibility of [ 18 F]FDG uptake in background structures and various tumors [15] [16] [17] [18] [19] [20] ; however, the reproducibility of anti-3-[ 18 F]FACBC quantitative parameters has not been studied. In our ongoing and completed clinical trials with anti-3-[
18 F]FACBC in prostate cancer, 14 patients underwent repeat scanning. Thus, we were presented with an opportunity to perform an exploratory analysis of the reproducibility and reliability of scan to scan measurements of uptake in key background structures and untreated malignant lesions. This exploratory data may then be utilized to design a formal prospective testretest study.
Materials and Methods

Patient Population
After institutional review board (IRB) approval, we performed a retrospective review of 115 patients who had anti-3-[ 18 F]FACBC PET-CT at Emory University Hospital as part of two prostate carcinoma clinical trials from November 28, 2007 to June 18, 2013. Fourteen of these 115 patients underwent follow-up anti-3-[
18 F]FACBC PET-CT for suspected prostate carcinoma recurrence and were thus included in our analysis. Patients were enrolled based on inclusion criteria which have been previously reported [4, 11] . Informed consent was obtained from all individual participants included in these studies. All procedures performed in studies involving human participants were in accordance with the ethical standards of the Emory University IRB.
Imaging Protocols
Preparation of anti-3-[
18 F]FACBC and acquisition protocols have been described elsewhere [4, 21] . The radiotracer was produced under investigational new drug (IND) application 72,437. Scanning was conducted on a Discovery DLS in 13 patients and 690 PET-CT scanner in one patient (GE Healthcare; Milwaukee, WI). All repeat scans were performed on the same scanner. Images were interpreted on a MimVista workstation (MimSoftware, Cleveland, OH). Patients fasted for 4-6 h before the anti-3-[
18 F]FACBC scan. Anti-3-[ 18 F]FACBC (dose ranging from 292.3 to 418.1 MBq) was injected IV over 2 min. After a 3-min delay for blood pool clearance, abdominopelvic PET-CT imaging was completed with 5-16-min (early) and 17-28-min (delayed) acquisitions [11] . Visual inspection of the PET-CT images was performed by a board certified nuclear radiologist. Semi-quantitative measurements were computed using standardized uptake values (SUV). SUV is defined as tissue concentration (MBq/ml) divided by activity injected per body weight (MBq/g) [22] .
Mean SUV (SUV mean ) for background structures including blood pool (abdominal aorta), liver, bone marrow (L3), pancreas (measured at pancreatic head), muscle (gluteus), and spleen were recorded. Maximum SUV (SUV max ) of untreated target lesions within the prostate bed or lymph nodes were also obtained for each acquisition time point. We believe that SUV mean reflects overall uptake in background structures while SUV max is best employed for target lesions. Regions of interest (ROI) conforming as best as possible to the organ to be measured were utilized in order to decrease variation introduced from noise and then propagated through all the scans in that patient. For malignant lesions, the MimVista PET-EDGE tool was used which draws a conforming region of interest based on the differences in intensity between a lesion and background structures and SUV max was recorded. Simultaneous quantitative measurements of the same structures were undertaken at baseline (test) and second scan (retest) using a customized workflow designed by MimVista (MimSoftware, Cleveland, OH).
Statistical Analysis
Analysis of reproducibility of anti-3-[ 18 F]FACBC PET quantitative parameters was done on a per lesion/background structure basis. The difference between both tumor and background structure uptake in both scans (initial and follow-up) was compared on a per lesion basis using the two-tailed pairwise t test and Wilcoxon signed rank test (when the number of patients was too small for comparison with a t test). Absolute SUV mean differences in background structures and SUV max for untreated malignant lesions were computed. Intrasubject variability (relative differences) of all background structure parameters was assessed by calculating percent change in mean which is the difference between test and retest values divided by the mean of both values as described by Minn et al. [23] . Analysis of the reliability of PET pharmacokinetic parameters was done on an organ basis by computing Pearson's correlation coefficients and interclass correlation coefficients (ICCs). The ICC is a scale free reliability ratio which ranges between 0 and 1 where 0 represents an independence of measurements (measurements are dissimilar) and 1 indicates perfect reliability of the measurements under consideration [24] . For the purpose of this paper, we considered ICC values G0.20 as low, 0.40 to 0.59 as Fig. 1 Correlation of early (4 min) SUV mean on both initial and follow-up scans in background structures. Table 1 contains the average SUV mean for background structures on both initial and follow-up scans at early and delayed time points. There was no statistically significant difference in the average SUV mean on both initial and follow-up scans at early and delayed imaging except in the marrow at 4 min (p=0.04). The average absolute mean differences (±SD) in background SUV mean uptake on both scans ranged from 0.1 (±0.1) at 4 min and 0.1 (±0.2) at 17 min in blood pool to 1.2 (±0.8) at 4 min and 0.9 (±0.7) at 17 min in the liver.
Background Structures
The percent mean differences (±SD) in SUV mean at 4 min was 14.2 (±11.1) in blood pool, 14.9 (±9.2) in the liver, 10.7 (±6.5) in the marrow, 7.2 (±8.1) in the pancreas, 18.2 (±17.8) in the muscle, and 10.6 (±7.3) in the spleen, while at Fig. 2 Correlation of delayed (17 min) SUV mean of both initial and follow-up scans in background structures. 13.3 (±10.1), 12.5 (±7.1), 6.9 (±6.6), 13.8 (±13.4), 13.8 (±13.3), and 14.9 (±11.0) in those same background structures, respectively (Table 1) . At 4 min, all ICCs were 90.6 with the exception of blood pool, which was 0.4 (moderate to very high reliability). At 17 min, there was high to very high reliability of anti-3-[ 18 F]FACBC quantitative measurement with ICCs in background structures ranging from 0.7 to 0.9 ( Table 1) . Scatterplots of the correlation of background SUV across initial and follow-up scans at early and delayed imaging are shown in Figs. 1 and 2 , respectively.
Untreated Malignant Lesions
SUV max and SUV mean in five malignant lesions (two prostate; three lymph nodes) in four patients without interim therapy increased or was essentially stable in the time interval between initial and follow-up scans on early and delayed imaging (Table 2) . Table 2 also contains reasons for lack of interim treatment in those malignant lesions. Figure 3 shows images from both initial and follow-up scans in the same patient, illustrating the similarities in background uptake and the appearance of a malignant lymph node without interim treatment between scans.
Discussion
We set out to examine the test-retest reproducibility and reliability of quantitative measurements in key background structures and untreated malignant lesions among patients with prostate cancer recurrence. We found acceptable reproducibility of anti-3-[
18 F]FACBC measurements on initial and follow-up imaging. The percent mean difference in SUV mean was less than 20 % in all background structures with relatively low absolute SUV mean differences. There was also no statistically significant difference between SUV on both original and follow-up scans except in the marrow at 4 min (p=0.04); however, this had a low absolute mean difference (0.3). There was generally high reliability of anti-3-[
18 F]FACBC measurements with all ICCs being 90.6 with the exception of aortic blood pool on early imaging which had an ICC of 0.4. We also found that radiotracer uptake in malignant lesions without interim therapy increased or remained stable over time at both early and delayed imaging. Our findings are important as they will facilitate the development of objective quantitative criteria for interpretation of anti-3-[
18 F]FACBC PET-CT scans especially as its use migrates toward influencing clinical decisions in recurrent prostate cancer diagnosis and possibly for therapy response monitoring. The precise quantification of radiotracer uptake measurement reliability, reproducibility, and variability is a vital step in the clinical interpretation and utilization of any imaging test, including anti-3-[ 18 F]FACBC PET-CT. Although this retrospective analysis was not meant to replace a formal prospective test-retest, this data will be helpful in designing such a study.
While the ICC of most key background structures was high or very high, we noted an ICC of 0.4 in blood pool (aorta) on early imaging which is a moderate value. We believe this is likely due to the fact that at early imaging, blood pool is still clearing and is thus more sensitive to small changes in acquisition timing [9] . Even so, absolute difference of SUV was quite low (0.1) and blood pool ICC subsequently improved at delayed imaging to 0.7. Although we observed a significant difference in average marrow SUV mean at 4 min (p=0.04), the average absolute mean difference was minimal (0.3), mean percent difference was 10.7 %, and there was a very high ICC (0.8).
Test-retest reliability and variability of quantitative parameters have been studied mostly for [ 18 F]FDG and in a more limited manner for most radiotracers, including amino acid based radiotracers [15, [17] [18] [19] [20] [25] [26] [27] [28] [29] . In examining within patient variability of [ 18 F]FDG standardized uptake values in normal tissues, Paquet found stable uptake in the liver (0.6 ICC) and mediastinum over time [30] ; in our population, we found similar reliability of anti-3-[
18 F]FACBC liver uptake measurements (ICC 0.6 at early and 0.7 at delayed imaging for anti-3-[
18 F]FACBC) [30] . We found that SUV max of untreated malignant lesions on repeat studies either increased or was essentially stable, as expected. Several studies have examined the reliability of [ 18 F]FDG parameters in malignant lesions [15, [17] [18] [19] [20] . Nahmias and Weber in separate studies with [ 18 F]FDG found reproducible SUVs in malignant lesions [18, 20] . In both studies, patients were scanned ≤10 days apart and had various cancers [18, 20] . Since there was a greater time difference between scans and only patients with prostate cancer were studied, our findings are not directly comparable.
The limitations of our study include its retrospective nature and that the study was not a formal test-retest protocol. The time between the first and second scans was variably lengthy. Though firm conclusions cannot be made due to the prolonged time differences between studies, reliability of quantitative measurements in key background structures and reproducibility of uptake in lesions was acceptable. In addition, this study had a limited sample size and was carried out in patients only with prostate cancer. Ideally, a test-retest study for background structures is best Fig. 3 a CT, b FACBC PET, and c co-registered image from initial study in a patient with recurrent prostate carcinoma (patientperformed on normal volunteers within a short temporal sequence. Another limitation of our analysis is that we did not account for partial volume effects in small lesions which can affect SUV, especially in lesions that grew with time. In spite of these limitations, our study provides preliminary data on the reliability of anti-3-[
18 F]FACBC quantitative measurements as it moves into multicenter clinical trials and also supplies information that would be useful in the design of a formal test-retest study.
Conclusion
Despite variable time interval between scans, anti-3-[ 18 F]FACBC PET-CT demonstrates acceptably reproducible uptake in key background structures and malignant lesions. A formal test-retest study is being planned.
